ABSTRACT Ross male broiler chicks (n = 480) on new litter were used in a randomized block design with two blocks (environmental rooms) and four treatments having four replicate pens (1.0 × 2.5 m; 15 chicks) each to evaluate dietary electrolyte balance (DEB; P < 0.05). Two rooms were 1) thermoneutral (Weeks 1 through 6, with decreasing maximum from 32 to 25°C and minimum from 28 to 19°C; relative humidity 49 to 58%) and 2) cyclic daily heat stress (Weeks 1 and 2, thermoneutral; Weeks 2 through 6, maximum temperatures 35, 35, 33, and 33°C, respectively; and minimum temperatures 23, 20, 19, and 19°C, respectively; relative humidity 51 to 54%). The DEB treatments (0, 140, 240, or 340 mEq Na + K − Cl/kg) had NaHCO 3 plus NH 4 Cl, or KHCO 3 , or both added to corn-soybean meal mash basal diets with 0.30% salt (NaCl). In the ther-
INTRODUCTION
Environment, nutrition, and metabolism each play a role in the acid-base balance of broiler chickens. Under high ambient temperature and relative humidity conditions, body temperatures and respiratory rates increase, which lower blood CO 2 levels and change acid-base balance, resulting in respiratory alkalosis (Raup and Bottje, 1990; Macari et al., 1994) and cause detrimental effects on the growth rate, feed conversion ratio, and survival of broiler chickens.
Electrolytes include all solubilized compounds having the capacity to conduct an electric current while being decomposed by it. Water and electrolyte balances in the body are maintained within strict limits, and under thermoneutrality birds theoretically have an optimal internal 428 moneutral room, DEB 240 increased 42-d weight gain and 44-d lymphocyte percentage and decreased heterophil percentage and heterophil to lymphocyte ratio compared to the DEB 40 treatment. The DEB 240 diets had 0.35 and 0.35% Na and 0.37% and 0.29% Cl in starter (0.75% K) and grower (0.67% K) diets, respectively. No DEB treatment differences were found in the heat stress room. For combined rooms, 42-d feed intake was higher for DEB 240 than for DEB 40. The 21-d weight gain was higher for DEB 240 than for DEB 40 or 140; and 21-d feed/gain was lower for DEB 40 than for DEB 340. The predicted maximum point of inflection for 21-and 42-d weight gains were DEB 250 and 201, with highest 42-d feed intake at 220. electrolyte balance. Although birds have minimum requirements for the monovalent minerals Na, K, and Cl, provided by natural ingredients and electrolyte salts, the proper dietary balance should exist in order to help maintain acid-base homeostasis and best live performance. These monovalent minerals are essential for synthesis of tissue protein, maintenance of intracellular and extracellular homeostasis and electrical potential of cell membranes, enzymatic reactions, and osmotic pressure, and acid-base balance.
When the intake and excretion of other minerals is assumed to be constant, the sum of the acid-base altering effect of Na + + K + − Cl − intake equals the difference in excreted cations and anions plus the production of endogenous acid (endogenous H + ), plus base excess in extracellular fluids (BEecf), or alkaline reserves, written as [ ingested (Na + + K + − Cl − ) = excreted (anions − cations) + endogenous H + + BEecf]. Broiler chickens have an optimal DEB (total Na + K − Cl mEq/kg) of around 250 mEq/kg (Mongin, 1981) . The purpose of this trial was to evaluate the effects of different ambient temperatures and DEB on live perforAbbreviation Key: DEB = dietary electrolyte balance; BEecf = base excess in extracellular fluids; pCO 2 = partial pressure CO 2 ; Pmax = predicted maximum point of inflection. 1  32  28  30  49  33  28  30.5  52  2  30  25  27.5  57  31  26  28.5  50  3  2 8  2 4  2 6  6 3  3 5  2 3  2 9  5 4  4  26  21  23.5  60  35  20  27.5  51  5  2 5  1 9  2 2  5 7  3 3  1 9  2 6  5 3  6  2 5  1 9  2 2  5 8  3 3  1 9  2 6  5 2 mance, blood gases and pH, and rectal temperature in broiler chickens.
MATERIALS AND METHODS
The trial was performed in climatic chambers (two rooms) with independent temperature control. Maximum and minimum average temperatures inside the rooms were monitored daily using a dry-bulb thermometer placed in the middle of the room at 10 cm from the floor. Relative humidity was obtained using a wet-bulb thermometer and a thermohygrograph. Water temperature and pH were monitored daily during the trial with measurements performed twice daily: between 0600 and 0700 h and between 1300 and 1400 h. Each room was divided into 16 experimental pens, each measuring 1.0 × 2.5 m. A total of 480 1-d-old male Ross chicks, providing 15 chicks per pen, was used in the trial. About 8 cm of wood shavings covered the floor.
In the initial phase (0 to 14 d), the birds were raised in thermoneutral environments (pretest and during the trial) using temperature recommendations given in the management guidelines for this strain (Table 1) . After the pretest period, temperatures inside the chambers were adjusted as follows:
1. Thermoneutral chamber, 24 h at thermoneutral temperatures (management guidelines).
2. Heat stress chamber, 8 to 10 h of heating at 33 ± 2°C and 14 h at thermoneutral temperature, according to the sequence shown below: heater turned on at 0700 h (±20°C), 0800 h (±25°C), 0900 h (±28°C), 1000 h (±31°C), 1100 h (±33°C), 1200 h (±34°C), 1300 h (±34°C), 1400 h (±35°C), 1500 h (±35°C), 1600 h (±35°C), and 1700 h (±34°C); heaters were turned off and fans were turned on at 1800 h (±34°C), 1900 h (±30°C), 2000 h (±28°C).
In the initial phase (0 to 14 d), pens were equipped with tray feeders and bell drinkers. In the 14-to-21-d portion of the starter period and during the 21-to-42-d grower phase, tubular feeders with capacity for 20 kg each and bell drinkers were used, and commercial poultry management practices were followed. Broilers were retained on experimental diets to 44 d of age for blood work.
In order to minimize the impact of feed variation on experimental results, diets were formulated to contain the same amounts of corn, soybean meal, oil, phosphate, limestone, and vitamin and trace mineral supplements (Table 2) . Diets met or exceeded broiler nutrient requirements as suggested by the National Research Council (1994) except that starter feed metabolizable energy and protein levels were lower, and the lowest DEB was 0.15% Na, whereas 0.20% Na is recommended. The desired starter (0 to 21 d) and grower (21 to 42 d) DEB were achieved by adding NaHCO 3 plus NH 4 Cl, KHCO 3 , or both, in place of builders' sand (an inert filler), to a common starter or grower basal diet containing 0.30% sodium chloride NaCl. Only the diets with DEB at 360 mEq/kg contained KHCO 3 as one of the electrolyte salts.
Ingredients, feeds, and water were analyzed for Na, K, and Cl. The Na and K were determined by flame spectrophotometry (AOAC, 1990); Cl in feed was determined by titration with AgNO 3 (Lacroix et al., 1970) and in water by Labtest (1996) . Brazilian soybean meal and the diets had lower K than expected from US table values.
Weight gain, feed intake, feed conversion (corrected for mortality), and mortality were evaluated at the following intervals: from 0 to 21 d, from 21 to 42 d, and from 0 to 42 d of age. Broiler rectal temperature was monitored daily starting at 14 d of age. Two birds per pen were identified for body temperature measurement by a rectal probe in the morning (0600 to 0730 h) and in the afternoon (1300 to 1400 h), corresponding to the coolest and warmest times of day, respectively. At 44 d, venous blood samples (3 mL) were collected by puncture of the wing vein (brachial vein) in two birds per replicate pen by using sterilized needles. Samples were identified and fractionated, with 2 mL put into a tube containing anticoagulant (EDTA) and 1 mL saved for the remaining analyses. Samples containing anticoagulant were used to analyze heterophils and lymphocytes and to calculate the heterophil:lymphocyte ratio. Analyses were performed at the Clinical Analysis Laboratory at the FCAVJ/UNESP Veterinary Hospital. The differential count of heterophils and lymphocytes (100 cells/field) was carried out by light microscope using an immersion objective for blood smear stained Rosenfeld, and results were expressed as percentages. Sodium, K, Cl, hematocrit (Hct), hemoglobin (Hb), pH, partial pressure CO 2 (pCO 2 ), HCO 3 , and base excess in extracellular fluids (BEecf) analyses were performed immediately after sample collection using the i-STAT Portable Clinical Analyzer (i-STAT, 1997). The pCO 2 was measured by direct potentiometry (concentration related to potential through the Nernst Vitamin supplements contributed per tonne of complete feed: Starter feed-vitamin A, 2,650,000 IU; vitamin D 3 , 500,000 IU; vitamin E, 2,400 mg; menadione, 400 mg; thiamine, 200 mg; riboflavin, 2,000 mg; vitamin B 12 , 3,500 mcg; pantothenic acid, 2,200 mg; nicotinic acid, 8,500 mg; pyridoxine, 400 mg; folic acid, 200 mg; biotin, 20 mg; choline, 150 g; monensin, 110 g; bacitracin-MD, 40 g; DL-methionine, 300 g; ethoxyquin, 20 g; and carrier, 1,000 g. Grower feed-vitamin A, 2,300,000 IU; vitamin D 3 , 400,000 IU; vitamin E, 1,800 mg; menadione, 300 mg; thiamine, 150 mg; riboflavin, 1,400 mg; vitamin B 12 , 3,500 mcg; pantothenic acid, 2,000 mg; nicotinic acid, 7,000 mg; pyridoxine, 250 mg; folic acid, 150 mg; biotin, 20 mg; choline, 125 g; monensin, 125 g; bacitracin-MD, 30 g; exthoxyquin, 20 g; DL-methionine, 275 g; and carrier, 1,000 g. Trace mineral supplement provided per tonne of complete feed: iron, 35,000 mg; copper, 50,000 mg; manganese, 35,000 mg; zinc, 30,000 mg; iodine, 600 mg; selenium, 90 mg; and diluent, 1,000 g. equation). Bicarbonate was calculated from pCO 2 as follows: log HCO 3 = pH + log pCO 2 . Having both pH and pCO 2 allowed calculation of BEecf as follows: BEecf = HCO 3 − 24.8 + 16.2 (pH − 7.4).
For statistical analysis of treatments within each room, one-way ANOVA with four treatments and four replicate pens per treatment was used. For combined rooms, a randomized block design was used with two experimental chambers (ambient temperature regimens) as blocks and four DEB treatments with four replicate pens per treatment within a room. There were 15 chicks per replicate pen (experimental unit). Blocks were analyzed as contributing sources of variation, but the different temperature environments were not replicated so no valid inferences can be made comparing environments. Results were subjected to statistical analysis using Statistix for Windows, 4 and means were separated by the Tukey's honestly significant difference test (P < 0.05). Data for mortality and rectal temperature change during a.m. vs. p.m. were transformed using arcsin square root (x + 1) prior to statistical analysis. 
RESULTS AND DISCUSSION
Body weight gain and feed intake values by environmental rooms and combined rooms are presented in Table  3 . No significant treatment differences were found in the heat stress room. In the thermoneutral room, the DEB 240 treatment significantly increased 0-to-21-d weight gain compared to results for the DEB 40 and 140 treatments, with DEB 340 being intermediate. The DEB 240 treatment increased 0-to-42-d weight gain compared to results for the DEB 40 and 340 groups, with DEB 140 being intermediate. Feed intake per bird from 0 to 21 d was higher in DEB 240 and 340 treatments than in DEB 40 and 140 treatments. The 0-to-42-d feed intake was significantly higher for DEB 240 group than for DEB 40 and 340 groups, with DEB 140 being intermediate.
For combined rooms, weight gain from 0 to 21 d was significantly higher in the DEB 240 treatment than DEB 40 and 140 groups, with DEB 340 being intermediate (Table 3) . Feed intake was significantly higher in the DEB 240 treatment than in the DEB 40 group, with DEB 140 and 340 giving intermediate results. Blocks (that is, one thermoneutral room and one heat stress room) had significant differences for 0-to-42-d weight gain and feed intake in the statistical model. Means within a column and treatment grouping lacking a common superscript differ (P > 0.05). Blocks (i.e., thermoneutral room, heat stress room) had significant differences for 0-to 42-d weight gain and feed intake.
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Per room there were four observations per treatment mean.
Feed per gain, mortality, and change in rectal temperature from morning to afternoon values are shown in Table  4 . In the thermoneutral room and the chronic heat stress room, no significant effects of dietary treatments were found. However, for combined rooms and considering the 0-to-21-d period, the DEB 140 treatment had a significantly lower feed conversion ratio than the DEB 340 treatment, with DEB 40 and 240 values being intermediate. No other significant treatment effects were observed for combined rooms. In the statistical model, blocks (one thermoneutral room and one heat stress room) were significant for rectal temperature change morning to afternoon.
Heavier broilers (approaching market age) are sensitive to high-temperature challenges. This sensitivity can be explained by the fact that broilers have greater difficulty keeping thermal homeostasis due to the larger body mass and high rate of metabolism associated with rapid growth. The immediate response to heat stress was an increase in body temperature and in the occurrence of respiratory alkalosis (blood pH changes shown in Figure  2 ). The negative impact of high ambient temperatures on broiler performance was previously described by Macari et al. (1994) and Borges (1997) with increased rectal temperatures discussed as an appropriate quantitative indicator of level of heat distress.
After the second week of life, the optimum temperatures for broilers reportedly range from 20 to 25°C (Teeter, 1989) and relative humidity ranges from 50 to 70% (Tinoco, 1995) . The comfort or thermoneutral zone is defined as the temperature range at which homeothermy is maintained, particularly at the expense of physical compensations such as minimal energy expenditure (Macari et al., 1994) . Lower weight gains of broilers raised at high temperatures are directly related to decreased feed intake, as well as to the greater difficulty of losing heat to the environment when relative humidity is high.
Water temperatures ranged from 18 to 20°C and 18 to 29°C in the thermoneutral and heat stress chambers, respectively. Under heat stress conditions, water temperature at 29°C can have a negative impact on heat loss because the extent of heat dissipation and the efficiency in evaporative heat loss should decrease with increased warm water intake. This finding underscores the importance of water intake management by manipulating DEB of the feed as well as providing cool water. Beker and Teeter (1994) and Macari (1996) recommended broiler drinking-water temperatures ranging from 20 to 24°C and below 26.7°C, respectively. In the present test, the water pH ranged from 7.13 to 7.16 in both chambers; within range of pH 6 to 8.5 range is considered optimal (Socha et al., 2002) . Water analyses showed only traces Na, K, and Cl, which probably did not influence the experimental DEB treatments.
Regression equations (Table 5) were developed from weight gain, feed intake, and feed/gain data in each environmental room as affected by DEB. In the thermoneutral room from 0 to 21 d, weight gain had a predicted maximum point of inflection (Pmax) at DEB 250, and from 0 to 42 d the Pmax was DEB 201. When considered along with the significant weight gain improvements from 0 to 21 d and 0 to 42 d with the specific DEB 240 treatment, these regression equations help to more accurately interpolate the potentially most beneficial DEB level between experimental DEB treatment levels. The DEB had a significant linear effect on feed intake from 0 to 21 d. Feed intake from 0 to 42 d was curvilinear with a Pmax at DEB 220. These feed intake equations are in harmony with Means within a column and treatment grouping lacking a common superscript differ (P > 0.05). In the combined rooms statistical analysis, blocks (one thermoneutral and one heat-stress room) were significant in the model for rectal temperature change morning to afternoon. Curvilinear (polynomial) regression equations that were significant at P < 0.05 have a point of inflection, Pmax or Pmin, listed. If not significant or linear, those facts are also noted.
2 Pmax = predicted maximum point of inflection; Pmin = predicted minimum point of inflection; YWTG = predicted weight gain; YFI = predicted feed intake; YFCR = predicted feed conversion ratio. ences had been found between DEB treatments from 0 to 21 d (see Table 3 ).
The estimated (interpolated from Table 1) total Na, Cl, and K levels for the above inflection points were as follows: at 250 mEq/kg (0 to 21 d) 0.36, 0.355, and Means within a column and grouping lacking a common superscript differ (P < 0.05). Blocks (i.e., thermoneutral room, heat-stress room) had significant differences for potassium, glucose, and HCO 3 . Johnson and Karunajeewa (1985; 180 to 300 mEq/kg), although none of these authors evaluated temperature effects in their trials. Fixter et al. (1987) , however, concluded that optimal DEB for growing broilers varies with ambient temperature, being 250 mEq/kg for moderate temperatures (18 to 26°C) and 350 mEq/kg for high temperatures (25 to 35°C). In the present test, regardless of ambient temperature, increasing DEB stimulated feed intake, especially for the high DEB levels versus the low DEB levels, possibly due to increasing Na levels in these feeds (0.15 to 0.45%). The DEB of 240 mEq/kg diets had total Na and Cl levels of 0.35 and 0.366% in starter feed and 0.35 and 0.294% in grower feed, respectively.
Blood nutrient and physiological parameters are listed in Table 6 . The continual exposure of the birds to high temperatures probably promotes adaptive responses, thus making the interpretation of the analyzed blood component variables more difficult. In the thermoneutral room, heterophil percentage was significantly lower for the birds treated on DEB 240 than for those receiving the DEB 40 diets, with DEB 140 and 340 values being intermediate. Conversely, lymphocyte percentage was significantly higher for the DEB 240 treatment than the DEB 40 and 340 treatments, with the DEB 140 mean value being intermediate. No other significant effects of DEB on blood nutrient and physiological parameters were found in either environment or in combined rooms.
In the statistical model, blocks (one thermoneutral room and one heat-stress room) were significantly different for blood potassium, glucose, and HCO 3 . Khone and Jones (1975) and Botura (1993) reported an increase in blood K level in response to heat stress. This K response seems to be related to the time under stress because Borges (1997) subjected broilers to cyclic periods of stress for 6 d and found a reduction in blood K level. Excess of circulating K competes for buffer anions from the renal tubular fluid, preventing the removal of some of the H + , which then has to be reabsorbed and may cause acidosis. Blood glucose concentration may increase as a direct response to a transient increase in the secretion of adrenaline (epinephrine), noradrenaline, and glucocorticoids (Kolb, 1984) . When birds are exposed to high temperatures, they respond by increasing respiratory rate, which leads to a reduction in blood CO 2 levels (pCO 2 , mmHg = 49.34 under thermoneutral conditions and 46.03 under heat stress). This reduction results in a decrease in HCO 3 concentrations due to the increase in HCO 3 excretion with a reduction of H + excretion by the kidneys to maintain the acid-base balance in the bird. Under heat-stress challenges, broiler chicken use compensatory mechanisms when attempting to maintain acid-base homeostasis and concentrations of blood nutrients and physiological variables.
The heterophil:lymphocyte ratio has been indicated to be a good quantitative measure of stress (Zulkifli and Siegel, 1995; Borges, 1997) . Heterophils increase and lymphocytes decrease under heat stress. Heterophil:lymphocyte ratios obtained in the present trial are shown in Figure 1 . In the thermoneutral room, the heterophil to lymphocyte ratio for the DEB 240 treatment was significantly lower than for the DEB 40 treatment, with DEB 140 and 340 values being intermediate. Means lacking a common letter differ (P < 0.05).
The blood heterophil:lymphocyte ratio curves for the environmental rooms were similar in shape, but the heat-stress room had higher ratios for each DEB treatment. Although not shown, for combined rooms DEB 40, 140, 240, and 340 heterophil:lymphocyte ratios were (SEM 0.07; P = 0.14) as follows: 0.959, 0.850, 0.627, and 0.542, respectively.
Blood pH means by rooms and DEB treatments are presented in Figure 2 . No significant treatment effects were observed in either room. The blood pH values by room were in close agreement for the DEB 140, 240, and 340 levels. The DEB 40 treatment produced the largest difference for any dietary treatment when comparing the thermoneutral room (pH 7.407) and the heat-stress room (pH 7.350). The DEB 40 had a surprising alkalogenic effect on blood pH in the thermoneutral room (7.407). Under heat stress, DEB 40 and 140 blood pH values were quite similar (7.350 and 7.349). Although not shown, combined room blood pH values for the DEB treatments, 40 to 340, were (SEM 0.01; P = 0.23) as follows: 7.393, 7.378, 7.344, and 7.322, respectively. FIGURE 2. Effect of ambient temperature regimens and dietary electrolyte balance (DEB; Na + K − Cl, mEq/kg) on blood pH of broilers at 44 d of age. Within rooms, means do not differ (P < 0.05). The BEecf values (in mmol/L) are shown in Figure 3 . Wider swings in base excess due to DEB treatment were observed in the thermoneutral room (0.75 for DEB 140 to 5.25 for DEB 340) than in the heat stress room (−0.75 for DEB 40 to 0.75 for DEB 340). In the themoneutral environment, the DEB 40 and 340 treatments appeared to cause extreme BEecf values (5.00 and 5.35), whereas the DEB 140 and 240 treatments were closer to zero (0.75 and 1.00), which is desirable. The DEB 240 gave the BEecf value closest to zero (−0.30) in the heat-stress room. Although not shown, combined room values for BEecf by DEB treatment were (SEM 0.26; P = 0.21) −0.75, −0.50, −0.25, and 0.75, respectively.
